Bacillus subtilis and related bacilli produce a posttranslationally modified oligopeptide, ComX pheromone, that stimulates natural genetic competence controlled by quorum sensing. The ComX pheromones are formed by geranylation or farnesylation on a tryptophan residue at the 3 position of its indole ring. This results in the formation of a tricyclic structure including, a newly formed five-membered ring, similar to proline. Isoprenylation of ComX to form ComX pheromones is essential for pheromonal activity, and is functionally more crucial than its amino acid sequence. The ComX pheromone is the first example of isoprenoidal modifiations of tryptophan residues in living organisms and post-translational isoprenylation of any amino acid in prokaryotes. Because the presence of geranylated compounds is unusual in primary and secondary metabolites outside the plant kingdom, posttranslational geranylation in bacilli is unprecedented in nature.
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Key words: Bacillus subtilis; isoprenoid; post-translational modification; quorum sensing; tryptophan For microorganisms, cell population density is one of the most crucial environmental factors with respect to survival and prosperity. Prokaryotic bacteria continually survey the environment for changes in population and coordinate behavior to regulate gene expression in response to cell density. This density-driven genetic regulation is called quorum sensing. [1] [2] [3] [4] Responses governed by quorum sensing include acquisition of virulence, biofilm formation, bioluminescence, conjugation, sporulation, antibiotic production, and competent cell formation for DNA transformation. 5) Bacteria have developed simple, highly effective strategies to collect information on cell density that involve the constant secretion of specific extracellular signaling molecules called quorum-sensing pheromones. These pheromones increase in concentration with increasing cell density, and on reaching threshold levels, trigger various signal transduction pathways through binding to specific transmembrane receptors (Fig. 1) . This allows the bacteria to respond to changes in cell population density based on the concentration of secreted pheromones. Gram-negative bacteria typically produce low-molecular-weight secondary metabolites, such as N-acylhomoserine lactones, whereas the quorum-sensing pheromones of Gram-positive bacteria are generally oligopeptides, but these categories are not exhaustive, [2] [3] [4] and recent studies suggest that quorum sensing also occurs in fungi. 6, 7) Various classes of pheromones are produced by bacteria, each type controlling distinct responses, and each quorum-sensing pheromone generally shows species-(or group-) specific bioactivity. In other words, these secreted pheromones function as languages for cell-cell conversation among bacterial groups.
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I. Genetic Competence in Bacillus subtilis
B. subtilis is a not a human pathogen, but a Grampositive bacterium that has several important industrial uses. Numerous biosynthetic products from B. subtilis are commercially available, including B. subtilis itself, and the closely related species B. subtilis var. natto is widely used in the fermentation of soybeans in Japan. B. subtilis exhibits two characteristic phenotypes, both controlled by quorum sensing: sporulation, in which bacterial division occurs, forming dormant endospores to form two distinct cells with differing developmental fates, 8, 9) and genetic competence, defined as a physiological state functioning to absorb exogenous DNA involving competent cell formation for tranformation. 10, 11) In microbiological studies, B. subtilis is widely used as a model organism, and systems for the genetic transformation of B. subtilis are well established. Hence B. subtilis is often referred to as a model Gram-positive bacterium, like Escherichia coli, which serves as a model Gram-negative bacterium. Numerous studies on the natural genetic competence of B. subtilis have been done, and the comQXPA gene cluster is reported to be essential for initiation of genetic competence, resulting in the production of the ComX pheromone, a quorumsensing pheromone (Fig. 2) . [12] [13] [14] Two encoded proteins within the cluster, ComP and ComA, are a homologous membrane-bound histidine kinase, and a response regulator respectively. [13] [14] [15] [16] These two proteins consist of two-component systems, that are members of a large family of regulatory systems found in bacteria. ComP is an eight-transmembrane receptor that autophosphorylates in response to a pheromonal signal and donates the phosphate to ComA. Phospholylated ComA subsequently transmits a signal mediating genetic competence. The first protein encoded in the cluster, ComQ, is upstream of comP and comA, and ComA has the highest structural similarity to the isoprenyl diphosphate synthase of Methanobacterium thermoautotrophicum. This synthase catalyses the condensation of isopentenyl diphosphate and dimethylallyl or allylic diphosphates to form long-chain isoprenoids. 17, 18) In particular, its aspartate-rich motif DDXXD, where ''X'' refers to any amino acid, is well conserved in the ComQ sequence. The DDXXD motif is known to be crucial to the interaction and transfer of isoprenoids, and interacts with a pair of magnesium ions in isoprenylation, in which metal-triggered ionization of isoprenyl diphosphate yields an allylic carbocationdiphosphate ion pair. In addition, it has been confirmed that the aspartates in the putative isoprenoid-binding site of ComQ are required for the expression of pheromone activity. 18) Judging by these characteristics of ComQ and the location of the comQ gene is directly upstream of the comX gene, ComQ modifies and processes ComX to produce and secrete active ComX pheromone, which contains an isoprenoidal group. 18, 19) Although B. subtilis strains and related bacilli exhibit marked polymorphism in ComX amino acid sequence, each strain possesses an invariant tryptophan residue near the C-terminus (Fig. 3) . [19] [20] [21] [22] Genetic analyses and molecular biological studies indicate that these tryptophan residues were similarly modified with isoprenoids, but the nature of the modification in tryptophan is unclear.
II. Posttranslational Modification of the ComX Pheromone
Our recent organic chemical studies indicate that the ComX RO-E-2 pheromone from B. subtilis strain RO-E-2 has a unique modified tryptophan residue with a geranyl group at the 3 position of the indole ring, forming a tricyclic structure. [23] [24] [25] [26] Also, the ComX RO-C-2 pheromone from B. mojavensis strain RO-C-2 has been confirmed to have a farnesyl-modified tryptophan residue similar to that of the ComX RO-E-2 pheromone. 27) Together with its phylogenetic resemblance to ComX, these findings suggest that post-translational isoprenoidal modifications of ComX pheromones can be classified into two types: geranyl and farnesyl (Fig. 4) . [23] [24] [25] [26] [27] [28] For instance, the ComX 168 pheromone, produced by standard B. subtilis strain 168, is also modified with a farnesyl group, similarly to that of the ComX RO-C-2
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Morphological change High cell density At low cell densities in bacteria, the concentration of pheromones is also low. At high cell densities, pheromones reach threshold levels, resulting in activation of specific quorum-sensing systems, which leads to changes in cell types, morphology, and function. ComQ modifies and processes ComX to produce mature ComX pheromone. ComX is constantly secreted and increases in concentration with increasing density. When the ComX pheromone reaches threshold levels, it binds to ComP, triggering autophosphorylation and subsequent phosphate donation to ComA. This activates signaling pathways specific to genetic competence, involving competent cell formation for DNA tranformation. pheromone. While post-translational farnesylation or geranylgeranylation of a cysteine residue is widely observed in eukaryotes and plays a critical role in protein function, [29] [30] [31] [32] [33] [34] this was previously unobserved in prokaryotes, including bacteria. Notably, outside the plant kingdom, geranylation is rare, and only a few geranylated compounds have been identified in prokaryotes, even among secondary metabolites. 35) In addition, no identification of tryptophan modification with an isoprenoid has been previously reported in living organisms. Thus, the post-translational geranylation of the ComX pheromone is unprecedented.
Peptides with post-translationally farnesylated cystein residues are also found in the sex pheromone of basidiomycetous yeast. [29] [30] [31] [32] Numerous reports have described post-translational isoprenylation of cysteine residues, involving the attachment of a farnesyl or a geranylgeranyl group at C-terminal cysteine residue via a thioether linkage. 33, 34) In two enzymes with these modifications, farnesyltransferase and geranylgeranyltransferase 1, it has been found that isoprenylation is necessary for accurate recognition of the CaaX box in the substrate, where ''a'' refers to an aliphatic amino acid and ''X'' is generally a methionine for farnesyltransferase and a leucine for geranylgeranyltransferase 1. This structural information makes it possible to search protein databases for the CaaX motif, and has led to the discovery of many new isoprenylated proteins.
In contrast to cysteine residues, post-translational isoprenylation of tryptophan residues has not been identified in any protein or peptide other than the ComX pheromone. Several conserved residues upstream of the cleavage site among ComX variants are probably involved in ComQ recognition and isoprenoidal modification in view of the extreme polymorphism in C-terminus of ComX (Fig. 3) , [19] [20] [21] [22] but no consensus amino acid sequence has been defined. Hence, it is difficult to search for potential proteins with an isoprenoidal tryptophan using a protein database. Furthermore, the critical factors that determine tryptophan modification with isopreniod in ComQ have not been elucidated, and sequence comparison to other isoprenyltransferase databases is not likely to resolve these issues. In addition, the modification is predicted to make the proteins poorly soluble and extremely acid labile, further complicating the identification of novel proteins possessing an isoprenoidal tryptophan residue by direct screening. Consistently with this prediction, it has been reported that the modified tryptophan residue of ComX 168 from B. subtilis strain 168 was not recovered by Edman degradation, 12) and that the ComX RO-H-1 pheromone from B. mojavensis strain RO-H-1 was immediately dehydrated under acidic conditions. 28) Because cysteine isoprenylation is observed only in eukaryotes, tryptophan isoprenylation in bacteria might have been an early step in the evolution of posttranslational isoprenylation. If so, post-translational isoprenylation of tryptophan can presumably observed in other prokaryotes and primitive eukaryotic microorganisms. There is a strong possibility that other proteins possessing isoprenoidal tryptophan residues exist but have gone unnoticed. If this proves to be the case, it might represent universal posttranslational modification.
III. Role of Post-Transrational Modification with an Isoprenoidal Group
Structure-activity relationship studies on the ComX RO-E-2 pheromone indicate that modification with isoprenoid plays a crucial role in the biological activity of ComX pheromones (Table 1) . [23] [24] [25] [26] [27] [28] [29] [30] 36, 37) These studies indicate that the N-terminal residues, Gly and Ile, are dispensable and can be lost without compromising activity along with C-terminal Gln. In addition, all amino acid residues, except the geranylated tryptophan residue, can be replaced by alanine without significant reduction in activity. In contrast to the unmodified residues, the exact tricyclic structure of the modified tryptophan residue, including the structure of the geranyl side chain, is essential for activity. Any change in the structure of this modification causes drastic structural alterations to the basic skeleton of tryptophan resulting from the formation of a five-membered ring similar to proline. Thus, it appears that only the modified tryptophan residue plays a determinative role in the biological activity of the ComX pheromones. In contrast, a previous study on the structure-activity relationships of tremerogen A-10, [29] [30] [31] [32] a sex pheromone of basidiomycetous yeasts containing an S-farnesyl-modified cysteine residue, revealed that removal of the N-terminal residue induced a loss of biological activity (Table 1) 38) whereas replacement of the farnesyl group with an isometric simple alkyl chain had no significant effect. However, modification with longer isoprenoidal groups increased the activity of tremerogen A-10. The activity spectrum of the ComX RO-E-2 pheromone strongly contrasts with that of tremerogen A-10, although the post-translational modifications with isoprenoidal groups play essential roles in the pheromonal activities in nature.
Geranyl and farnesyl side chains can might influence the species-(or group-) specific bioactivity exhibited by ComX pheromones. Experiments utilizing conditioned media of producer strains and partially purified ComX variants have revealed a correlation between specific activation patterns and types of modifying isoprenoid (Table 2) . [19] [20] [21] [22] The synthetic ComX pheromone possessing a precisely geranylated tryptophan residue showed significant activity in the strains that produce the geranylated ComX pheromone, but no activity in the strains that produce the farnesylated pheromone, and vice versa (unpublished data). Because geranyl-and farnesyl-modified tryptophan residues have almost identical core structures that differ only in side-chain lengths, the length of the isoprenyl side chain is likely to be a more influential determinant of species-(or group-) specificity than the amino acid sequence of the pheromone. These results indicate that the specific interaction pattern of the ComX pheromone with its receptor, ComP, is different from that of the S-isoprenoidal peptide pheromone. It is commonly recognized that isoprenoidal modification of a cysteine residue directs the subcellular localization of the modified protein. 37, 38) In the case of membrane proteins, this modification mainly confers an anchoring property facilitating membrane attachment. In contrast, the geranyl and farnesyl moieties in the ComX pheromone appear to be directly involved in ligand-receptor interactions. This might be similar to N-acyl-homoserine lactones which show species-specific activity dictated by the acyl side-chain length and exhibit behavior comparable to ComX pheromones. [2] [3] [4] In Gram-negative bacteria, N-acylhomoserine lactone receptors have binding pockets precisely adapted to the target acyl-chain length. 39) Gram-positive bacilli might have evolved the isoprenoidal moiety in the ComX pheromone to fit ComP in a similar manner, despite major differences in the core structures of N-acyl-homoserine lactones and ComX pheromones. This suggests that an alteration of the lipophilic side-chain pattern in quorum-sensing pheromones is a fundamental strategy for the acquisition of group specificity in bacteria.
IV. Summary, Conclusion, and Prospects
ComX pheromone is a post-translationally modified oligopeptide that stimulates genetic competence in response to crowding in B. subtilis and related bacilli. It is formed by geranylation or farnesylation of ComX on a tryptophan residue, resulting in the formation of a tricyclic ring structure. Isoplenylation is essential for pheromonal activity and is functionally more crucial than amino acid sequence. The ComX pheromone is the first example of isoprenoidal modifiations of tryptophan residues in living organisms and post-translational isoprenylation of amino acid residues in prokaryotes. Since the geranylated compound is rare outside the plant kingdom, the post-translational geranylation of the ComX pheromone in B. subtilis is unprecedented. However, it is conceivable that the post-translational isoprenylation of tryptophan discovered as a quorumsensing pheromone in B. subtilis will soon be recognized as a universal protein modification, similarly to the post-translational isoprenylation of cysteine, which was first discovered in the form of eukaryotic pheromones in eukaryotes and then became generally accepted. 
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RO-E-2 À À þþ þÀ
Symbols: þþ, strong activity; þ, moderate activity; þÀ, weak activity; À, no activity
